Biallelic inactivation of MEN1 encoding menin in pancreatic neuroendocrine tumors (PNETs) associated with the multiple endocrine neoplasia type 1 (MEN1) syndrome is well established, but how menin loss/inactivation initiates tumorigenesis is not well understood. We show that menin activates the long noncoding RNA maternally expressed gene 3 (Meg3) by histone-H3 lysine-4 trimethylation and CpG hypomethylation at the Meg3 promoter CRE site, to allow binding of the transcription factor cAMP response element-binding protein. We found that Meg3 has tumorsuppressor activity in PNET cells because the overexpression of Meg3 in MIN6 cells (insulin-secreting mouse PNET cell line) blocked cell proliferation and delayed cell cycle progression. Gene expression microarray analysis showed that Meg3 overexpression in MIN6 mouse insulinoma cells down-regulated the expression of the protooncogene c-Met (hepatocyte growth factor receptor), and these cells showed significantly reduced cell migration/invasion. Compared with normal islets, mouse or human MEN1-associated PNETs expressed less MEG3 and more c-MET. Therefore, a tumor-suppressor long noncoding RNA (MEG3) and suppressed protooncogene (c-MET) combination could elicit menin's tumor-suppressor activity. Interestingly, MEG3 and c-MET expression was also altered in human sporadic insulinomas (insulin secreting PNETs) with hypermethylation at the MEG3 promoter CRE-site coinciding with reduced MEG3 expression. These data provide insights into the ␤-cell proliferation mechanisms that could retain their functional status. Furthermore, in MIN6 mouse insulinoma cells, DNA-demethylating drugs blocked cell proliferation and activated Meg3 expression. Our data suggest that the epigenetic activation of lncRNA MEG3 and/or inactivation of c-MET could be therapeutic for treating PNETs and insulinomas. (Molecular Endocrinology 29: 224 -237, 2015)
U
nraveling the molecular mechanisms controlled by genes associated with hereditary tumor syndromes may offer insights into the pathogenesis of their sporadic counterpart tumors and other tumor types. Multiple endocrine neoplasia type 1 (MEN1) is a familial tumor syndrome caused by two inactivating hits to the tumor suppressor gene MEN1 that encodes the protein menin (1, 2) . The first hit is inherited in the germline, and the second hit is tissue-specific-causing tumors, most notably in multiple endocrine tissues: parathyroids, anterior pituitary, and enteroendocrine-pancreas (3) . These individual tumor types can also occur sporadically in patients who do not have the MEN1 syndrome (4, 5) .
Targeted disruption of both copies of Men1 in mice leads to early embryonic lethality, whereas mice with the targeted disruption of a single Men1 allele develop the MEN1 syndrome with tumors that show biallelic Men1 inactivation in the parathyroids, anterior pituitary, and endocrine pancreas (6) . Interestingly, a major difference between mouse and man is the occurrence of pancreatic endocrine tumors that are insulinoma in Men1 ϩ/Ϫ mice as opposed to the more common nonfunctioning pancreatic neuroendocrine tumors (PNETs) and gastrinoma in humans with MEN1 (5, 6) . Therefore, investigating pathways downstream of menin could be relevant for understanding the pathogenesis of mouse and human insulinomas. Tumors of the endocrine pancreas known as PNETs are classified as nonfunctioning or functioning based on hormone secretion and clinical symptoms. In human nonfunctioning PNETs, 30%-44% show somatic MEN1 mutations and 43% show DAXX/ATRX mutations (7, 8) . The most commonly occurring functioning PNET is insulinoma that arises from pancreatic islet ␤-cells and continuously secretes insulin (9) . In human sporadic functioning PNETs (insulinomas), 2%-19% show MEN1 mutations, 2% show ATRX mutations, and 30% show a recurrent YY1/T372R mutation (8, 10 -12) .
Biallelic inactivation of MEN1 in PNETs associated with the MEN1 syndrome is well established, but how menin loss/inactivation leads to tumorigenesis is not well understood. Understanding the mechanism of action of menin in pancreatic endocrine cells through its downstream targets could provide insights about MEN1-associated tumorigenesis. An obvious question that follows is whether dysregulation of the same targets by menin-independent mechanisms could also initiate tumor formation in non-MEN1-functioning PNETs (insulinomas) that usually lack MEN1 mutations.
Menin, located primarily in the nucleus, has been reported to participate in diverse biological functions through various interacting proteins (5) . One of the intensively investigated associations of menin is in the miked lineage leukemia (MLL) protein complex that catalyzes the histone-H3 lysine-4 trimethyl mark (H3K4me3) in chromatin, a mark of active transcription (13, 14) . We have previously shown by genome-wide chromatin immunoprecipitation (ChIP)-sequencing (ChIP-Seq) analysis that H3K4me3 at the Meg3 locus was specifically lost in menin-null mouse embryonic stem cells (mESCs) (15) . And consequently, the expression of the long noncoding RNA (lncRNA) Meg3 was significantly reduced in menin-null mESCs (15) . Whether lncRNAs play a role in MEN1 pathogenesis and for menin to elicit its tumor suppressor function was largely unknown until our recent findings from mESCs implicating the lncRNA MEG3 (15) .
lncRNAs are polyadenylated RNA polymerase II-transcribed RNAs, 200 or more nucleotides in length but without obvious open reading frames to encode proteins (16) . Maternally expressed gene 3 (MEG3), also known as gene-trap locus 2 (GTL2), is a monoallelically expressed lncRNA expressed from the maternal allele (online mendelian inheritance in man identification number 605636). Germline or somatic mutations in MEG3 have not been reported (online mendelian inheritance in man and COSMIC databases); however, the loss of MEG3 expression is found in various human tumors and tumor cell lines (17) . Nevertheless, MEG3 target genes are not well defined, and the mechanisms of MEG3 regulation and function are not well understood.
In this study, we have characterized the epigenetic regulation of MEG3 by menin in pancreatic ␤-cells and identified the c-MET protooncogene as a MEG3 target gene. c-MET is the tyrosine kinase receptor for hepatocyte growth factor. MET amplification or overexpression is observed in a variety of tumors, and it is associated with proliferation, invasion, and metastasis (18) , thus serving as an attractive therapeutic target for which several inhibitors are under clinical investigation (18) . We show that MEG3 and c-MET levels are reciprocally correlated in human and mouse MEN1-associated PNETs and human sporadic insulinomas. Also, epigenetic inhibitors of DNA methylation could block the proliferation of mouse insulinoma cells and restore Meg3 expression. Thus, our data provide a strong basis for the investigation of modulating MEG3 and c-MET expression as a therapeutic option for PNETs, including insulinomas.
Materials and Methods

Primers and detailed methods
All the primers are listed in Supplemental Table 1 . Detailed methods are provided in the Supplemental Methods.
Mouse and human tissues (pancreas)
Mouse experiments were conducted under the guidelines of the National Institutes of Health Animal Care and Use Committee, and an approved animal study protocol (number K070-MDB-12). Human tumor samples [four frozen MEN1 and three frozen non-MEN1 PNETs, one frozen MEN1 insulinoma and 23 archived formalin-fixed and paraffin-embedded (FFPE) sporadic insulinomas] were obtained with the informed consent from patients under National Institutes of Health Institutional Review Board-approved protocols (number NCT01005654). All five MEN1 patients carry germline mutations in MEN1. For immunohistochemistry (IHC) controls, FFPE pancreas sections of normal human pancreas (n ϭ 7) were obtained (Abcam, IHC World, Origene, ProSci, US Biomax, Zyagen, and Dr Michael Emmert-Buck of National Cancer Institute). For RNA and DNA isolation, normal human pancreatic islet preparations (n ϭ 6) were obtained (Lonza and the University of Alabama, Birmingham, Alabama).
Isolation of mouse pancreatic islets [wild type (WT) and tumor]
Mice (WT) were put to sleep and intraductal collagenase perfusion was performed following a standard protocol (19) , and the islets were hand-picked under the dissecting microscope. Islet tumors were directly excised from the pancreas.
Meg3 cDNA cloning
Meg3 cDNA was amplified by RT-PCR using RNA from normal human islets, WT mouse islets, or RNA isolated from 5Ј-aza-2Ј-deoxycytidine (decitabine; Sigma)-treated MIN6-4N cells, with primers located at the beginning of exon 1 and the end of exon 10. PCR products were cloned into pcDNA3.1 (Invitrogen) and sequenced (Supplemental Figure 1) .
Cell culture and stable cell lines
Mouse insulinoma cell lines, MIN6 (20) and MIN6-4N (21), were cultured in low-glucose DMEM supplemented with 15% fetal bovine serum and 1ϫ antibiotic/antimycotic (Invitrogen, Gemini) at 37°C and 5% CO 2 . MIN6-4N is a tetraploid (4N) cell line that was isolated from MIN6 cells that have mixed ploidy (2N and 4N) (21) . Stable cell lines were maintained in the above medium containing 500 g/mL of G418 (Life Technologies).
Vec and M-27 are MIN6 stable cell lines containing vector and pcDNA3.1-Myc-His-Menin, respectively (22) . Vec-4N and M-27-4N are MIN6-4N stable cell lines containing vector and pcDNA3.1-Myc-His-Menin, respectively, derived by single-cell isolation from Vec and M-27.
Vector or mouse Meg3-transfected stable cell lines were generated in MIN6-4N cells as described (22) . Vec-3 and Meg-5 are stable cell lines of MIN6-4N-containing vector and pcDNA3.1-mMeg3-3, respectively. Vec-9 and Meg-14 are MIN6-4N stable cell lines containing vector and pcDNA3.1-mMeg3-1, respectively. mMeg3-3 was the most abundant cDNA clone (in WT mouse islets) that lacks exons 2b and 4, and mMeg3-1 is full length with all 10 exons (Supplemental Figure 2) .
DNA, RNA isolation, and quantitative real time-PCR (QRT-PCR)
DNA and RNA were isolated using the DNeasy and RNeasy kits (QIAGEN). RNA samples were treated with deoxyribonuclease I (Ambion), and first-strand cDNA synthesis was performed with an oligodeoxythymidine primer and Superscript-III (Invitrogen). QRT-PCR was performed with the Brilliant SYBR Green quantitative PCR master mix (QIAGEN) and Mx3000p thermal cycler (Stratagene). Cycle threshold (Ct) values were normalized to mouse or human glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Relative gene expression changes were calculated by the 2-⌬ct method, and the fold changes are plotted with respect to the controls.
DNA methylation analysis
The Meg3 promoter region near the transcriptional start site was amplified from untreated and bisulfite-treated DNA, cloned into the PCR2.1 vector (Invitrogen), sequenced, and analyzed to detect differences in methylation. A second independent method for analyzing methylation at the CRE site, methylation-specific PCR, was performed with the bisulfite-treated DNA.
Meg3 promoter cloning and luciferase assay
Mouse Meg3 promoter (Ϫ560 to ϩ122) and human MEG3 promoter (Ϫ539 to ϩ140) were amplified from mouse or human genomic DNA and cloned into the luciferase reporter vector pGL4.10 (Promega). Luciferase assays were performed in MIN6-4N cells.
Chromatin immunoprecipitation
Chromatin from Vec and M-27 cells was processed for the ChIP assay (Upstate/Millipore). ChIP-PCR was performed with a primer pair at the CRE site in the Meg3 promoter. PCR products were detected by agarose gel electrophoresis.
Microarray analysis and validation
Deoxyribonuclease-treated RNA from three independent cultures of the vector (Vec-3) and Meg3-transfected (Meg-5) stable clones were used for gene expression microarray analysis with Affymetrix Genechip mouse genome ST 1.0 arrays (Affymetrix). Microarray hybridization and data analysis were performed at the National Institute of Diabetes and Digestive and Kidney Diseases genomics core facility. Fifteen up-and 36 down-regulated genes (changed Ͼ2.5-fold, P Ͻ .05) were validated by QRT-PCR.
Cell proliferation and viability assays
For assessing the proliferation of stable cell lines, after 6 days in culture, cells were trypsinized and counted using cell counter slides (Nexcelcom). For the effect of DNA demethylating drugs 5Ј-aza-2Ј-deoxycytidine (decitabine; Sigma) and ascorbic acid (Sigma) and the effect of c-Met inhibitor PHA-665752 (Sigma), viable cells were assessed by the dimethylthiazoldiphenyltetrazoliumbromide (MTT) assay (Promega).
Flow cytometry and cell cycle analysis
After 6 days in culture, cells were harvested with trypsin and incubated in Vindelov's propidium iodide buffer and analyzed by fluorescence-activated cell sorting (FACSCalibur; BD Biosciences). The raw data were subjected to ModFit analysis (BD Biosciences) to determine the percentages of cells in the G 0 /G 1 , S, and G 2 /M phases.
Apoptosis and cell migration/invasion assays
Stable cell lines were cultured in chamber slides to assess apoptosis by using the DeadEnd terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) fluorometric assay (Promega). Cell migration/invasion was assessed with the CytoSelect 24-well cell invasion assay kit (Cell Biolabs) that contained polycarbonate membrane inserts (8 m pore size) (basement membrane, colorimetric format). Cells were seeded at 30 000 cells/well for 48 hours. The invasive cells in the membrane inserts were stained, the stain was extracted in an extracting solution, and the OD was measured at 560 nm (Molecular Devices) as an index of the relative number of migrating/invasive cells.
Immunofluorescence and IHC
FFPE pancreas sections were stained for menin and insulin using standard double-immunofluorescence procedures. For IHC, the FFPE pancreas sections were processed for insulin and c-MET staining as described (21) . The c-MET antibody (1:1000) was validated in HeLa cells (American Type Culture Collection) (Supplemental Figure 3 ).
Statistical analysis
Data from at least three independent experiments were considered and presented as mean Ϯ SEM. Differences between groups were compared by Student's t tests. The P values [P Ͻ 0.05 (*) or P Ͻ 0.005 (**) or P Ͻ 0.0001 (***)] were considered significant.
Results
Menin up-regulates the expression of Meg3 in MIN6 mouse insulinoma ␤-cells
Menin is a part of the multiprotein MLL complex that adds the H3K4me3 mark in chromatin (14) . We have previously investigated mESCs with or without menin by H3K4me3-ChIP-sequence and gene expression microarray. Both methods identified MEG3 as the most significant target of menin (15) . To investigate whether Meg3 acts downstream of menin in pancreatic ␤-cells, we studied the effect of menin on Meg3 expression in MIN6-cells. MIN6 is a mouse ␤-cell tumor (insulinoma) cell line (20) that responds to changes in menin concentration (22) (23). Transient overexpression or knockdown of menin in MIN6-cells did not alter Meg3 mRNA expression or Meg3 promoter activity (Supplemental Figure  4) . These data suggested that menin might regulate Meg3 by affecting epigenetic modifications that require the stable presence of menin and additional cell divisions to acquire or remove such modifications, which cannot be achieved on episomal Meg3 promoter-containing plasmids. Therefore, exogenous meninexpressing MIN6 stable cell lines were analyzed for Meg3 expression ( Figure 1A ). MIN6 cell lines stably expressing menin (M-27 and M-27- Gapdh was used as the internal control. C, Bisulfite sequencing assay of the promoter region (Ϫ120 to ϩ120) of Meg3 using DNA isolated from MIN6 cells stably transfected with a menin-expressing plasmid (M-27) or empty vector (Vec). Reduced DNA methylation would allow Meg3 expression and increased methylation would block Meg3 expression. The numbers 1-9 indicate the nine differentially methylated CpGs in the Ϫ120 to ϩ120 region of Meg3. Filled circles indicate methylated CpG and open circles indicate unmethylated CpG (see also Supplemental Figure 7) . D, Data from panel C with significantly decreased methylation in the menin transfected MIN6 stable clone (M-27) compared with its vector control (Vec). CpG number 3 corresponds to the location of the conserved CRE site in the human and mouse Meg3 promoter. E, Schematic representation of the CRE site in the mouse Meg3 promoter and the primers for the methylation-specific PCR assay. Unmethylated (UF) and methylated (MF) primers are specific to the unmethylated and methylated CRE site, respectively. The 1F/1R primer pair spans 251 bp. The UF/1R or MF/1R primer pair spans 207 bp. TSS, transcriptional start site. F, Methylation-specific PCR assay using DNA from the indicated cell types. ESC-Null and ESC-WT are embryonic stem cells from the Men1 Ϫ/Ϫ and WT mice, respectively. An increased amount of PCR product in the wells marked for UF/1R shows that exogenous menin expression in M-27 and M-27-4N unmethylates the CRE site, and the absence of the PCR product in the ESC-Null shows that, in the absence of menin, the CRE site is completely methylated. G, Agarose gel of ChIP-PCR assay with antibodies against the indicated antigens using chromatin from menin transfected MIN6 stable clone (M-27) compared with its vector control (Vec). Input corresponds to DNA isolated from chromatin used in the ChIP assay. Antihemagglutinin (HA) was used as a negative control. AntiMyc was used to chromatin immunoprecipitate the transfected myc-his-tagged menin. (24) . Also, the Meg3 promoter region is regulated by changes in DNA methylation at CpG sites (17) . Bisulfite sequencing of the Ϫ120 to ϩ120 region of the mouse Meg3 promoter (which has nine differentially methylated CpGs) showed significantly reduced methylation in M-27 cells (P Ͻ .0001) (Figure 1,  C and D) . Interestingly, CpG number 3 is located in the cAMP responsive element (CRE) (5Ј-TGACGTCA-3Ј) in the Meg3 promoter that binds CRE-binding protein (CREB) ( Figure 1E ) (Supplemental Figure 5) . The DNA methylation at the CpG in this CRE site was further analyzed by a second independent method, methylationspecific PCR (MSP) assay that could be used for the Meg3 promoter CRE-site-specific methylation analysis. The bisulfite-treated DNA from M-27 and M-27-4N cells showed an increased amount of PCR product with the ummethylated primer pair, indicating that the CpG in the CRE site was not methylated in the presence of menin, which also coincides with the expression of the Meg3 transcript ( Figure 1F ). The unmethylated PCR product was absent in the Men1-Null-embryonic stem cells (ESCs), showing that in the absence of menin, the CRE site is completely methylated, which coincides with the loss of the Meg3 transcript ( Figure 1F) .
In vitro methylation experiments have shown that CpG methylation at the conserved MEG3 CRE site disrupts CREB binding (25) . However, it is not known whether this occurs in vivo. We tested this in our Vec vs M-27 cell culture model by a ChIP-PCR assay. A high occupancy of CREB and the presence of H3K4me3 at the Meg3 promoter region was observed in the M-27 cells compared with the Vec cells ( Figure  1G ). Overall, these results suggest that in MIN6 mouse insulinoma ␤-cells, menin epigenetically regulates Meg3 expression by promoting the loss of DNA methylation due to the presence of menin-dependent H3K4me3 and CREB recruitment at the CRE site of the Meg3 promoter, thus leading to an increased expression of Meg3. proliferation compared with vector-transfected cell lines (P Ͻ .0001) ( Figure 2C and Supplemental Figure 6C ). Cell cycle analysis showed that when Meg3 was overexpressed, cell cycle progression was delayed, with a significant decrease in the percentage of cells in the G 0 /G 1 phases (P Ͻ .05) and a significant increase in the percentage of cells in the G 2 /M phases (P Ͻ .005) ( Figure 2D and Supplemental Figure 6D ). These results suggest that Meg3 has a tumor suppressor function in MIN6 mouse insulinoma ␤-cells.
Meg3 overexpression affects
Meg3 regulated genes in MIN6 mouse insulinoma ␤-cells
To determine Meg3 target genes, a microarray gene expression analysis was performed with RNA from the Meg-5 and Vec-3 cells. Using a 2.5-fold change and a value of P Ͻ .05 as the cutoff, 36 genes were downregulated and 15 genes were up-regulated when Meg3 was overexpressed (Table 1) . These genes were further validated by QRT-PCR (Table 1) . Functional classification using the Database for Annotation, Visualization, and Integrated Discovery (26) showed an enrichment of genes associated with cell adhesion and apoptosis. Interestingly, the c-Met protooncogene was one of the top hits in the down-regulated genes. Increased expression of c-MET has been reported in many human primary and metastatic tumors (18) . Thus, a microarray analysis suggested that Meg3 could suppress the expression of the protooncogene c-Met and regulate the expression of genes involved in cell adhesion and apoptosis. Meg-5 cells and Meg-14 cells showed reduced cell migration/invasion and modestly increased apoptosis compared with their vector-transfected control cells (Figure 3, A-C) . We also assessed the expression of c-Met in Men1-Null-ESCs that showed reduced Meg3 expression and found that c-Met mRNA was significantly increased in the Men1-Null-ESCs ( Figure 3D ).
Having observed that Meg3 could down-regulate c-Met, we asked the question whether the MIN6-cells stably expressing menin that show Meg3 up-regulation could have altered c-Met expression. QRT-PCR analysis showed significantly reduced c-Met expression in the MIN6 cell line that stably expresses menin compared with its vector control (P Ͻ .0001) ( Figure 3E ). This result suggests that menin-Meg3 action can regulate c-Met in MIN6 mouse insulinoma ␤-cells. In addition, MIN6-cells stably expressing menin were less sensitive to the cytotoxic effects of a c-Met inhibitor ( Figure 3F ). Note that MIN6-cells show very little endogenous Meg3 and very high c-Met expression that makes them respond to c-Met inhibitor treatment. Whether the depletion of c-Met can reverse the effects of the menin-null conditions remain to be determined.
Expression of Meg3 and its target c-Met in mouse and human islet cells
To evaluate the physiological role of Meg3 in pancreatic endocrine cell tumorigenesis, Meg3 mRNA levels were examined in pancreatic islets of 22-month-old WT and Men1 ϩ/Ϫ mice. Menin loss was clearly seen in the insulin-positive larger hyperplastic islet and islet tumor in the Men1 ϩ/Ϫ pancreas sections ( Figure 4A ). These large islets showed significantly decreased Meg3 mRNA compared with WT islets (P Ͻ .05) ( Figure 4B) . Also, the islet tumor of Men1 ϩ/Ϫ mice showed very strong staining for c-Met protein compared with the normal-looking smaller islets in the same pancreas section ( Figure 4C ). The relevance of Meg3 and c-Met regulation was further evaluated in frozen samples of human MEN1 and non-MEN1 islet tumors (PNETs). Four of five MEN1 PNETs and all three non-MEN1 PNETs showed significantly decreased MEG3 mRNA (P Ͻ .0001) ( Figure 4D ). Significantly increased c-MET protein expression was observed in all five MEN1 PNETs and in two of the three non-MEN1 PNETs (P Ͻ .005) ( Figure 4E ). These data show the physiological relevance of menin, the lncRNA MEG3, and the protooncogene c-MET in pancreatic islets cells and in MEN1 and non-MEN1-associated islet-cell tumors.
Reciprocal correlation of MEG3 and c-MET in human sporadic insulinomas
To understand the importance of MEG3 and c-MET in human ␤-cell tumors (insulinomas) that usually lack MEN1 mutations, we studied 23 archived FFPE human sporadic insulinoma samples. Normal human islets were used as controls (n ϭ 6). Significantly decreased expression of MEG3 mRNA was observed in most of the insulinomas compared with the normal islets (P Ͻ .005) ( Figure 5A ). CRE-MSP showed increased methylation at the CpG in the CRE site, from 34% to 58% in insulinomas, compared with the normal islets (Figure 5 , B and C). IHC for insulin and c-MET showed that 13 of 15 insulinomas examined had strong staining for c-MET ( Figure 5D ). These results suggest that targets downstream of menin are pathologically relevant in sporadic insulinomas.
DNA-demethylating drugs reduce mouse insulinoma cell proliferation and restore Meg3 expression
Treatment of various cell types with DNA-demethylating drugs such as decitabine (5Ј-aza-2Ј-deoxycytidine) or ascorbic acid have been shown to activate the expression of genes silenced by promoter CpG methylation including MEG3 (27) (28) (29) . To assess whether pharmacological DNA-demethylating agents could demethylate the promoter region of Meg3 and restore Meg3 expression in insulinoma ␤-cells, MIN6-cells were treated with the DNA-demethylating drugs, decitabine or ascorbic acid. Significantly increased cell death was observed with increasing concentrations of the two DNA-demethylating agents within 24 -48 hours of treatment (P Ͻ .0001) (Figure 6, A-C) . QRT-PCR analysis showed an increased expression of Meg3, with an increasing concentration of the DNA-demethylating agents ( Figure 6D ) and the presence of the abundant isoform of Meg3 (Meg3-3) and two other iso- forms Meg3-1 and Meg3-2 (Supplemental Figure 1) . Thus, inhibition of DNA methylation caused cell death and allowed the expression of endogenous Meg3. DNA methylation inhibitors have been shown to cause changes in DNA methylation at differentially methylated regions and promoters of imprinted genes such as MEG3 (28) . Therefore, our observations could have therapeutic implications for the treatment of human insulinomas by targeting Meg3 promoter methylation and methylation at other relevant genes.
Discussion
Molecular mechanisms controlled by genes associated with hereditary tumor syndromes could also play a significant role in the pathogenesis of their sporadic coun- in small normal-looking islets (yellow arrows) and loss of menin expression in a large hyperplastic islet (blue arrow) and an islet tumor (white arrow). Right panel, Insulin in the normal-looking islets (yellow arrows), the large hyperplastic islet (blue arrow), and the islet tumor (white arrow) (magnification, ϫ50). B, QRT-PCR assay showing significantly reduced Meg3 in RNA isolated from pancreatic islet tumors of Men1 ϩ/Ϫ mice (n ϭ 7) compared with islets of WT mice (n ϭ 6) (P Ͻ .005). The age of mice was 22 months. Gapdh was used as the internal control. C, Immunohistochemical detection of insulin and c-Met in 22-month-old Men1 ϩ/Ϫ mouse pancreas section; (1 and 2, ϫ100 and ϫ400 magnification, respectively), showing insulin-stained normal-looking islets; (3 and 4, ϫ100 and ϫ400 magnifications, respectively), showing no staining for c-Met in the normal-looking islets. Islets are marked with a black dotted outline; (5 and 6, ϫ400 and ϫ1000 magnification, respectively), showing insulin-stained islet tumor (red arrow); (7 and 8, ϫ400 and ϫ1000 magnification, respectively), showing positive staining for c-Met in the islet tumor (red arrow). The black dashed line marks the boundary of the islet tumor and nonislet tissue (green arrow). Blue is hematoxylin counterstain in the nucleus. D and E, QRT-PCR assay for MEG3 and c-MET using RNA isolated from frozen specimens of human MEN1 and non-MEN1 pancreatic islet tumors and normal control islets. FP2, FP4, FP9, and FP10 are MEN1 PNETs; FP5 is a MEN1 insulinoma; FP1, FP6, and FP8 are sporadic insulinomas. Tumors show significantly decreased MEG3 expression (P Ͻ .0001) except in tumor FP10 (E) and significantly increased c-MET expression (P Ͻ .005) except in tumor FP1 (F). Gapdh was used as the internal control. Our studies therefore also provide insights about the regulation and functionality of a lncRNA. Using exogenous menin or Meg3-expressing MIN6 stable cell lines, we demonstrate that menin regulates Meg3 by an epigenetic mechanism, and Meg3 could inhibit cell proliferation and cell cycle. From microarray Figure 5 . Reduced MEG3 and increased c-MET expression in human insulinomas. A, QRT-PCR assay for MEG3 expression using RNA isolated from 23 FFPE sporadic insulinoma specimens and six normal islet preps showing significantly decreased expression of MEG3 in insulinomas (P Ͻ .005). Gapdh was used the internal control. B and C, Methylation specific PCR assay of DNA isolated from the specimens in panel A showing increased methylation at the CRE site in the human MEG3 promoter in the insulinomas (34% in normal islets increased to 58% in insulinomas). Meth, methylated; unmeth, unmethylated; D, Immunohistochemical detection of insulin and c-MET (representative images of one normal and one tumor) (1 and 2, ϫ400 and 1000 magnification, respectively), showing an insulin-stained normal islet (3 and 4, ϫ400 and ϫ1000 magnification, respectively), showing no staining with the c-MET antibody in the normal islet. Normal islet is outlined with a black dashed line (5 and 6, ϫ1000 magnification), showing positive staining for insulin and c-MET, respectively. Blue is hematoxylin counterstain in the nucleus. (25) . We now show in vivo evidence whereby menin up-regulates Meg3 expression by H3K4me3 and reduced DNA methylation at the CpG in the CRE site in the Meg3 promoter and by CREB recruitment. Whether methylation of a CpG located within a transcription factor binding motif affects DNA binding in vivo has not yet been investigated for most transcription factors (30) . Our data underscore the importance of this mechanism for the menin-dependent recruitment of the transcription factor CREB at the Meg3 promoter. However, menin-independent mechanisms in sporadic non-MEN1 tumors that can silence Meg3 by acquiring DNA methylation at the CRE site or other CpGs remain to be determined.
Both human and mouse Meg3 has various alternatively spliced isoforms (17, 31) . We found that in MIN6 mouse insulinoma cells, which normally express very low levels of Meg3 mRNA, after decitabine treatment, mMeg3-1, mMeg3-2, and mMeg3-3 transcripts were expressed. It will be of interest to determine whether alternative splicing is another mechanism to regulate MEG3 in tumors. microRNAs elicit their action by seed sequence base pairing with the target RNA region (32) . How lncRNAs act is not well understood. In the cytoplasm they have been shown to affect mRNA stability or translation (33). lncRNAs function in the nucleus by targeting chromatinmodifying proteins such as the polycomb group-repressive proteins, thus effecting gene transcription. The PRC2 accessory subunit JARID2 was shown to interact with MEG3 to recruit and assemble PRC2 at a subset of target genes in pluripotent stem cells (34) . From microarray analysis of MIN6 mouse insulinoma cells, we found that Meg3 altered the expression of c-Met and other genes associated with cell adhesion and apoptosis. It is possible that MEG3 could participate in recruiting and assembling similar factors at target genes in ␤-cells and other endocrine cells.
Conventional Meg3 (Gtl2) knockout mouse models show parent-of-origin-specific defects. Maternal deletion caused perinatal death and skeletal muscle defects; however, paternal deletion caused perinatal death or no effect, and homozygous deletion did not have any effect (35, 36) . Therefore, to circumvent the variety of phenotypes observed in conventional Meg3 knockout mice, conditional Meg3 inactivation in tissues affected by menin loss in MEN1 such as the parathyroids, anterior pituitary, and endocrine pancreas will be informative to study the pathological role of Meg3 in endocrine tumorigenesis.
Mouse models with c-Met loss in ␤-cells have been well studied. Mice with targeted inactivation of c-Met in ␤-cells have defective insulin secretion, reduced islet size, enhanced ␤-cell death, and accelerated onset of diabetes (37) (38) (39) . Also, the hepatocyte growth factor/c-Met axis has been shown to be critical for ␤-cell survival and ␤-cell proliferation in situations of diminished ␤-cell mass (40) . Furthermore, the ␤-cells of human type 2 diabetes patients who present with ␤-cell loss show epigenetic regulation of the microRNA cluster located near MEG3 (41) . These studies support our data about MEG3 and c-MET from the analysis of functioning PNETs (insulinoma), thus providing information about the pathways important to proliferate ␤-cells that retain their functional properties and provide valuable insights into the mechanisms of ␤-cell proliferation. It will be important to determine the direct consequence of modulating MEG3 and/or c-MET in human islets (normal and tumor), specifically ␤-cells, for which viable pure preparations of normal human islet cell types that match the tumor will be desirable.
Although MEN1 mutations are observed in 30%-40% of sporadic parathyroid and pancreatic endocrine tumors, significant MEN1 mutations are not observed in sporadic pituitary tumors (42) . Given that MEG3 mRNA reduction occurs in 40% of sporadic pituitary tumors (43) , our data about MEG3 as a downstream effector of menin help to understand how a downstream target of menin can be causative in the absence of MEN1 mutations in pituitary cells. Similarly, our current observation of MEG3 mRNA reduction in non-MEN1 sporadic insulinomas shows how MEG3 could be regulated in a menin-independent manner. Interestingly, other genes mutated in insulinomas and PNETs (YY1 and DAXX/ ATRX) have been also shown to regulate either MEG3 or c-MET. YY1 was recruited to a region 400 bp upstream of MEG3 exon 1 and to a region immediately downstream of the transcriptional start site (44) . DAXX and ATRX together form a repression complex, and DAXX has been shown to suppress c-MET transcription by binding to the c-MET promoter (45, 46) . Furthermore, consistent with our data, increased c-MET expression was also observed in primary tumors and their metastatic lesions using a tissue microarray of sporadic nonfunctioning PNETs (47) . Thus, the MEG3/c-MET pathway is not only physiologically relevant in MEN1 and non-MEN1 tumors that carry MEN1 mutations, but it is also a relevant pathway downstream of the other genes (YY1 and DAXX/ ATRX) mutated in insulinomas and nonfunctioning PNETs, underscoring the importance of our findings. Our data also highlight the importance of different paths to the same target genes in diseases with similar pathology.
Our data demonstrate menin-dependent or menin-independent mechanisms of cellular transformation of pancreatic neuroendocrine cells that act by inhibiting the expression of a tumor suppressor gene (MEG3) and enhancing the expression of an oncogene (c-MET). These observations provide a strong basis for the investigation of MEG3 activation and c-MET suppression as novel therapeutic approaches for the treatment of pancreatic neuroendocrine tumors and possibly for the prevention of metastasis.
Database submission
The microarray data files have been submitted to the Gene Expression Omnibus (accession number GSE57716).
